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NACA INVESTIGATION OF A JET-PROPULSION
SYSTEM APPLICABLE T0 FLIGHT
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By Air-Flow-Research Staff
SUMMARY

Pollowing a brief history of the NACA investigation
of Jjet-propulsion, a discussion is given of the general
investigation and analyses leading to the construction of
the Jet-propulsion ground-test mock-up: The results of
burning experiments and of test measurements designsd to
allow quantitative flight-performance predictions of the
system are presented and correlated with calculations,
These calculations are then used to determine the per-
formance of the system on the ground and in the air at
various speeds and altitudes under various burning condi-
tions, The application of the system to an experimental
airplane 1is described and some performance predictions
for this airplane are made.
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. It was found that the main fire could be restricted

"to an intense, small, and short annular blue flame burning
steadily and under control in the intended combustion
. 8pace, With these readlly obtainable combustion condi-
tions, the combustion chamber, the nozzle walls, and the
surrounding structure could be maintained at normal tem-

. peratures, .The system investigated was found to be
capable of burning one-hgli the intake air up to fuel
.rates of 3 pounds per second, Calculations were shown
to agree well with experiment, It was concluded that
the basic features of the Jet-propulsion system investi-
gated in the ground-test mock-up were sufficiently de-~
veloped to be considered applicable to flight i{installa-
tion, Calculations indicated that an airpl:ae utilizing
. this Jet-propulsion system would have unusual capabilities
in the high-speed range above the speeds of conventional
aircraft and would, in addition, have moderately long
cruising ranges if only the engine were used,
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INTRODUCTION
Historical Development

A general study to investigate the possibilities of
Jet-propulsion systems was begun by the air-flow-research
staff et Langley Memorial Aeronsutical Labvoratory in
February 1939. The purpose of the study was to reevalu-
ate Buckingham's work (refererce 1) for speeds higher
than those he considered reasonable but now being ep-
proached by propeller-driven airplares. Rezsults of this
and subsequent studies indicated that a unit utilizing an
efficient gasoline engine to drive a blower and duct
system of reasonsble efficiency was the most desirable ex=-
perimentel approach to the develorment of & Jet-propulsion .
airplene. The airplene utilizing this system would be }
cepable of realizing truly high powers from a high-
temperature jet for short periods of time and would, in
addition, be capable of rnoderately long crulsing flight ]
if only the engine were ussd,

Certain problems appeared to be involved in the ape- |
plication of the proposed Jet~propulsion system, in .
particuler those problems assoclated with the control of |
combustion in the relatively highe~speed alr stream in the
combus tion chamber. A simple program of burning experi=- C
ments was therefore: undertaken. A blower driven by an
airplane engine was to be employed in order that burning
experiments could be mede with approximately full-scale
equipment and in order thet the engine exhaust might be
avallable, 1f 1t should be desirable to make use of the
exhaust in connection with the burners. While the neces-
sary large-scale equipment was being bullt, some burning
experiments, which gave useful information about the best
methods to be tried later with the large-scale apparatus,
were conducted with smaell-scale equipment.

At ebout this time, in March 1941, the Special Com=
mittee on Jet Propulsion, with Dr. W. F. Durand as chair-

. men, was established by the Natlional Advisory Committee for

Aeronauties to guide this and other .projlects. Dr. Durand,

in perticular, then took &n active interest in the project

and since has considerably influenced the course of the

work. Through Dr. Durand's influence at this time, the 5
scope_and the purpose of the work became markedly altered.

The test setup became more nearly a mock-up of a proposed
airplane for ground testing rether than simply a burner test ' .
rig. A more powerful engine than the one originally usedwas
obtained from the Buresu of Aeronautics, but most of the
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patrts already built were retained, The scope of the
investigation was extended to include a study of the
blower and duct characteristics as well as the action of
burning; it was agreed that cheap and simple sheet-iron
construction would be employed when possible to save time.
Evén with this construction, it was hoped that something
would also be learned about how much of the air could be
burned without producing excessive temperatures in the
walls and structural parts of an airplane.

At this time, owing to the changed and extended scope
of the work, the whole project should probably have been
reexamined and parts, including the blower, redesigned and
rebuilt., The necessity of such changes did not become
clearly evident, however, until preliminary tests had heen
made with the original engine-blower and duct .arrangement,
After much loat time, the necessary changes were made and
the preliminary tests completed curing July 1942. Some
of the results of the experimental investigations, to-
gether with the applications of the results to some ---
possible military airplanes, were reported to the
NACA Special Committee on Jet Propulsion on October 6, 1942.
The results of continued experimental investigations and
analyses from October 6, 192 to the time experimental work
wnsthalted, April 15, 1943, are given in the present re-
port.

Furposes of Investigation

. In considering the test methods adopted, the two prin-
cipal purposes of the investigation should be remembered:

(1L The original purpose - to obtein data, mainly
qualitative, on burning methods and aasoclated effects and
1limitations

(2) The purpose pronosed by the HACA Special Committee
on Jet Propulsion - to obtain by straightforward test’
methods data, mainly on blower and duct characteristics,
in order to provide a basis for quantitative flight-
performance estimates, .

General Investigation of Jet Fropulsion

Buckingham (reference 1) concluded that moderately
high comnression ratlos would be required to realize a
reasonable thermodynamic-cycle efficiency in converting
the heat input into kinetic energy in the propulsion jet
and that compressor machinery would he required comparable
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in size and weight with the gasoline engine which the jet-
propulsion system might otherwise replace. Vith the low
propulsive efficiencies assocliated with the high-speed
propulsion jets, particularly at the relatively low speeds
contemplated, and with 1ittle or no attendant weight advan-
tage to offset this disadvantage, Buckingham concluded that
Jet-propulsion systems for aireraft showed little promise.

In order to reexamine these conclusions, approximate
ocalculations for jet-propulsion systems were made in the
speed range near 500 miles per hour. Compression ratlos
were considered that varied from the ratio obtained with
only the dynamic-pressure compression up to ratios of
8 or 10. These calculations showed, for comparable con=-
ditions, surprisingly little or no clearly evident varia-
tion in over-all thermopropulsive efficlency with compres-
sion ratio., With increasing compression ratios, the gain
in the thermodynamic-cycle efficiency (in converting heat
into kinetic energy in the propulsion jet) thus tended to
be almost exactly compensated by a corresponding loss in
the propulsive efficlency assoclated with propulsion by
means of a progressively smaller and higher-speed jet.
With 1ittle variation in over-all efficiency with comprese
slon ratio, there remained nothing to recommend the higher
range of compression ratio consldered by Buckingham with
the attendant compressor and prime mover of increasing

power, size, and weight. A 'somewhat more detalled
compression-ratio study was made for a system utilizing a
compressor prime mover of constant thermal efflclency.
Results of this study as presented in appendix A tend to
- econfirm the early conclusion that high compression ratios
might not necessarily be desirable for a system of this type.

The possibility of eliminating the compressor was
suggested; the system would thus revert to the Meredith
cycle, now well known through its application to the
utilization of some of the heat dissipated in airplane
cooling systems. Such a system, in which only the dynamic
pressure 1s used for compression, 1s unsatisfactory in the
take~off and low-speed flight range but may be of some
interest as an auxiliary system on other aircraft, such as
the conventional airplane, having other means of propulsion
in the take-off and low-speed range.

The choice of a suitable prime mover for the com-
pressor was next considered. A gas-turbine unit at first
~ appeared to offer possibilities because some of the othere
wise wasted heat In the exhaust might be used in the pro-
pulsion cycle. The same 1s true, however, when the gas
turbine 1s used in the conventional airplane or when the
* conventional engine 1s used in the jet-propulsion airplane.
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The conventional engine not only gives higher thermal

3 efficiencies and therefore better duration and range
when crulsing on engine only but is already well devel-
oped and dependable and in no sense cxperimental. It
therefore seermed unwise tn hamper a project intended pri-
marily to develop the possibillties of jet propulsion by
unnecessarily ircluding components, such as a gas-turbine
prime mover, which themselves uust be treated as experi-
mental,

An Experimental Alrplane to Study Jet Propulsisan

At this stage of the investigation it appeared de-
sirable to consider the application of the jet-propulsion
system to an experimentel airnlane that could be flown in
order to ohtain conclusive results. The power of the
engine sheculd, of course, cdewené prirmarlly on the size of
the airplane to which the Jet-propulsion system 1s to be
applied. For experimentul purposes it 1s advisable, '
from considerations of time and effort to be cxpended, to
keep the airplane small. On the other hand, the alirplane f
must be flight-tested to obtain concluslve results and [
must therefore carry a pllct and instrumental equinment.
The airplane should be nf snfi{lclent dinensions and power ,l
. that these items will not exert a merked adverse effect .
on the size and performance of the complete alrplane, g
The Pratt % Viiitney R=-1535 Twin Wasp, Jr., enpgine wvas
chosen primarily because of its unusually small dlameter,
which permitted ample duct space around the engine 1in a
reasonably small fuselage.

Fiel-Rate Considerations

Calculations show that jet=propulsion systems gener-
ally have low therroprropulsive efficlencies while burning
fusl in the combustion chamber to provide a truly high-
power propulsfon jet, even in the higher speed range below
the speed of sound. Thermal efficlency is of 1ittle im-
portance, however, for highesreed flirnt in mocdern pursulte
type alrplanes as shown by the fact that nodern alr-cooled
engines, for the millitary-power conditior:, are comonly
supplied with twice the quantity of gasoline necessary for
combustion. For combat purposes, therefore, edvantages
gained from the use of & large power output for a short
period from an ensine of a given size and welght evidently
far outweligh any considerations of thernal efficliency.
Jet=propuleion systems have the advantage in similar
. situations of permittinz higher outputs than conventional
o power plants of a piven size and weight.
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A really falr comparison between the fuel rates for
a oonventional engine-propeller-driven airplene and for
a jJete-propulsion sirplane of the type proposed is not
feasible, If the engine of a comparable conventional
airplane were hoosted without increasing its size until
the airplane would fly - say, 570 miles per hour - a com=-
parison could be msde at thls speed; but the counventional
airplane would be hypothetical. The propeller eificlency
would nrobably be very low but could not be stsit2d quanti-
tatively. The low propeller efficlency would lrad to &
high fuel rute even 1f the specific fuel concuantion of
the engine did not increase with such an extrem:; hocst,
The weight of the engine and propeller would also be diffi-
cult to estimate with the result that the required increase
in size and welght of the airplane and 1ts rower regquire-~
ments would remain problematical. The fuel rate of the
conventional &irplane might be expected to be at least as
high as the fusl rate of the jet-propulsion airplane and
would probably be much higher, The fuel rate of the jet-
propulsion alrplane, moreover, can bs predicted and the
airplane can be built through the application of straight-
forward engineering; the conventional uirplune cannot,
The high fuel rate of elther airplane at this apeed 1s
evidently the price that must be prald and has always been
required for transport at lncreased speeds, although the
price may be reduced »y a change of method, such as the
evolution from ocean to alr transport. Possibilities of
augersonic speads at very high altitudes are being con-
siderad.

Scone of Invasiization

The results of experiments witiy the final ground=-test
apparatus are presented and compared with calculations
designed to nredict the performance of the jete-propulsion
system 1a flight, An experimental jet-vropulsion airplane
is described and calculated items of performance are presented.
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SYMBOLS

P abgolute prressure, pounds per square foot

Apb total-pressure rise through blower including blower
and entrance losses, pounds per square foot
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static-pressure rise in combustion chamber
including entrance, blower, and duct loqses,
pounds ner square icot

mass density, slugs per cubic foot

engine and tlower sneed, rpm

engine power, horsepower

quantity rete of flow, cubic feet per second
mass rate of flow, slugs per second

velocity, feet per aecond

flight velocity, feet per second

relative jet veloclty, feel per second (V, - Vo)
lift-drar ratio

.momentum, rounds; also, with subacript o, Mach
number

gbsnlute temperature, °F abeolute
area, square feet

acceleration dne to gravity, feet per second
prer sacond

heat-cenacity coefficlert, Btu per pound per op
ras rconstant, foot-pounds per slug per °F

gas constant, Btu per pound per Op

heat equivalent of fuel, Btu per second

" ratio of speciflc heat a* constant pressure to
specific heat at constant volume

* fuel burning rate, pounds per second
blower-duct efiiciency

thermopropulsive eff'iciency

" _engine thermal efficlency

effective blawer-duct compression ratlo at sta=
tion 2

dynariic compression ratio
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r ratio of energy input to burner to energy input
to engine
Subascripts:
atmospheric conditions

impact conditions )
station immediately after blower

station 2 in combustion chamber
station 3 in combustion chamber
station 4 at end of nozzle exit

from station 2 to station 3, and so fuxri:z
DESCRIPTION OF GROUND-TEST NQUIPMENT

All the essentiml parts of the rround-test setup of
the Jjet-propulsion system are shown in the section drawing
in figure 1. Lxcept for the nose air-intake section,
which 1s made of wood, the outer shell and air ducts are
constructed of hlack iron. The nose shape represents the
shape actually contemplated for the alrplane except that,
for the ground tests, the entrance cone shown in flgure 1
was added to prevent separation at the nose for the static-
test conditions. A discusslion of the use of thls entrance
cone appears later 1n thc present report. The two faired
sections 1n the entrance alr duct ahead of the blower
simulate a cockpit for the pilot and a housing for the
nose wheel, . :

The blower 1s of the axial-flow type and consists of
two maln stages and one engine-cooling stage; aluminum
alloy 1s used throughout. The blower rotor 1s driven
directly from the engine crankshaft and the blower housing
and stator stapges are fantened, to the englne crankcases
the blower and engine are thus an integral unit. The
engine used 1s a Pratt & Whitney R-1535 Twin Wasp, Jr.,
rated at 825 horsepower at 2630 rpm 1f 100-octane fuel is
used,

The primary burner, which supplies vaporizing heat
and superheat to the main boiler, is located behind the
engine section across the mouth of the main boiler and re-
celves its gasoline vapor from seven Inconel exhaust-tube
bollers, each of which utilizes the exhaust heat from two
engine cylinders. Ignition for the primary burner 1is
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provided by two spark plugs located at the top and bottom
of the burner. .

The main boiler is made up of 2l separate Inconel
tubes fed by a common manifold containing 2l calibrated
metering orifices in the fuel outlets., In the first
part of the boller, the tubes are coiled spirally inside
an Inconsl sheet, which 1s a continuation of the engine-
cooling-alr duct. In the second or superheating part
of the boller, esch of the 2l tubes 1s wrapped into two
flat colls, which are connected in series and mounted
radially in the duct, The tube ends are led out through
the Inconel shell to Jets located in the mixing-duct
entrance, The alr-fuel mixture at the end of the mixing
duct is ignited by a flame from a ring burner, This
annular igniter 1s fed vapor from one of the 2l main
boiler tubes and 13 initislly ignlted by two sparks 180°
apart.

The black-iron combustion chamber was designed to
provide & tlanket of alr on both the inside and the out-
side of the chamber wall and the exit nozzle, The
several exilt nozzles used for the ground tests were
interchangeable and of vurious areas.

For the purpose of measuring the statlce thrust, the
entire ground-test mock-up is mounted on three ball-
bearing vwheels, which roll on sections of steel track.,
The thrust is indicated by a sensitive dial gage that
measures the deflection of a calidbrated U-spring dynemo-
meter,

TEST RESULTS AND DISCUSSION
Combustion Results '

In accordance with the original purpose of the inves-
tigation, the test procedure consisted of a series of
observations of burning under varlous conditions. Many
such qualitative observations were accomplished with model

*burning exneriments and led to the zonclusion that a blue
flame would be advantageous, These exveriments also
indicated the most promising methods, which were later
uszd in the burning ezperiments with the full-scale appa-
ratus,

It may be sald that the results of the full-scale
burning experiments generally exceeded expectations, The
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main firs was restricted to an intense, small, and short
annular blue flame burning steadily and under control in
the intended combustion space. In fact, in the last
series of experiments, burning runs lasting 7 to 9 minutes
were consistently made with hands~off operation, The
results exceeded expectations in that satlsfactory flames
“‘were obtalned up to fuel rates corresponding to burning
approximately one-half the alr passing through the entlre
system, Under these conditions, the temperatures in
parts of the jet must be very hizh and even if complete
mixing with 211 the cooling alr - an imposasible condition -
were assumed, the mean temperuture would be almost 2200° F,
Even thls fictitiously low temperature correspronds to
bright yellow blacl:-body radiation, In the presence of
the burner flumes and fet air at 2200° F and much higher
temperatures, the black-iron linsr forming the actual com=-
bustion chamber and nozzle wall, wklch was expected to re-
quire the use, of stalnless steel or other heat-resistant
material, became only hot enough to blue the iron ln a

few spots., These spots were probably th2 result of only
transient or locally defective coudltions. Unler these
conditions, the outside shell became only slightly warm.

From the burning experiments, it was concluded that,
with proper condltions, a blanret of cnol alr can bYe
maintained between the hot guses and the walls. In the
presence of sultable combustlion, furthermore, adequate
cooling alr may reudlly te nrovlded to curry away any
radiant heat and to malntaln the walls and structure at
normal temperaturca, Tt 13 believed that the foregoing
concluasions, together with the Information that has been
galned about combustion, constitute the new and really
significant results of the nresent investigation,

The operation cf the burning system was satlsfactory
in all respects with the posslble exceontion of one detall,
During one of ths burning experiments, 1t was ncticed that
the flow had stopped through one of the boller tubes. An
inspscticn of this and sevoral other tubes indlcated that
the inner surfaces of the tubes were generally clecan, A
plug of carbon, which was romoved by probing and blowlng
out the tube, had apparently collected, howsver, in the-:
radlal superheat unit at the end of the defectlive tube,
Alr was subsequently passed through all the boiler tubes
while they wera lept at red hesat by means of the primary
fire, with the oblect of burning out any carbon deposits
in the rest of the tubhes, During this process, hot apots
were seen to develop on some of the tubes, which indicated
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that other carbon deposits were burned out by the process,
It may be that some such simple carbon-removing process

would be required as part of the service on these boller-

type burning systems. _
Blower-Duct Characteristics

The experimental rezults to provide a basis for
performance predictions, in accordance with the second
purpose of the investigation, conslst malnly of measure-
ments of engine=blower and duct characteristics in the
cold condition, These experimental data then form the
basls for struightforward enginesring calculations for
operation of the syatem in the static and flight condi-
tions at various speeds and with various amounts of gaso=-
line burned to provide vuarious Jet temperatures,

The required experimentally determined blower-duct-
system data are presented 1in figure 2. The data were
taken directly from measurements and are presented in
the slightly altered form indicated in figure 2 to make
them approximutely Independent of power, engine speed,
and density op. The blower pressure coefficlent Apb/sz
i1s treated throughout as the independent variable.

During expsriments or during flizht, the valus of Aapy/pN?
would be determined by a sultable adjustment of the tail

. opening to glve the desired blower conditions.

The curve representing the power absorbed by the
blower was obtalned from several tests at engine speeds
of 1600, 1800, and 2000 rpm. The power was obtained
from the calibratleon chart furnished by the manufacturer
for the engine in terms of engine spsed, manifold pres-
sure, and carburetor-air temperature, The error in power
may thus be larger than in most other measurements but a
power lower than that indicated during the tests, which
18 most likely, ropresents a conservatlve orror because
the indicated power tends to make the blower~duct system
appear lesas efficient.

The quantity curve Q/N was determined from pres-
sures indicated by.a calibrated static orifice located
inside the fuselage-nose air entrance at the minimum-
area section. The oriflce was calibrated by making a
series of nressure surveys across the nose at'the orifice
atatlon and over the exit nozzle,
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“ " The useful part of the odtput of the blower-duct
‘system 1s measured by ¢ and 4pp, the static pressure
in the combustion chamber. This Important output term
is given In figure 2 as App/pN¢ and includes all of the
entrance, blower, and duct losses at least back to the
combustion chamber with one exception that must now be
briefly ccnsldered.

Preliminary flow observations showed that the flow
at the fuselage-nose alr entrance would lead to rather
large losses through a tendency under static-test condl-
tions to develop separation Inside the duct entrance lip.
It was expected that thls loss would be greatly reduced
in any practical case in which forward speed would be
avallable to aid the entrance flow,. This expectation

was verified by meuns of u snalle-scale-model test of the
apparatus in the NiaCA two-dimensionul low-turbulence pres-
sure tunnel. The loss was shown to become negligible at
take-off speeds and higher and to be greatly reduced even
in the static condition if the airplane were facing into
an ordinary gentle breecze. Fcr the later parts of the
take~off run, when the thrust and distunce covered become
of greatest importunce, und particularly for the higher
pressure coefflicleonts and lower values of quantity flow
that would be emnloyed, thls loss becomes unimportant.
On the other hand, statlic mecsurements with this entrance
loss included would have been spurious snd subject to
marked variations with slight caunges in wind conditions.
The wind-tunnel tests slhiowed that the difficulty could be

" overcome by the addition of a cone to thie fuselage-nose
alr entrance. A similar cone, as shown in figure 1,
was therefore added to the ground-test mock-up but of
course would be omltted as entirely unnecessary on any
vractical aprlication to an sirplane,

Static Thrust

Cold.~ The curves of sea-level blower load and

. englne power ere shown in figsure 3, The Intersections
indicate the speed and power 1input to the blower that
correspond to statlc-thrust conditlons at sea level, The
.partlicular engine used in' the ground-test mock-up 1s rated
at 825 horsepower at 2630 rpm; this power i1a dslivered at
approximately 33 inches of mercury manifold pressure at
sea lovel, In order to estimate the performance of an
airplane utillzing tho Jet-propulsion system investigated,
the engine output at 46 inches of mercury manifold pressure
is shown in figure 3. This higher output 1s an estimate
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made from statements of representatives of the engine
manufacturer that the engine used could be "modernized"

to deliver approximately 1200 horsepower at 2800 rpm,

The blower in the ground-test mock-up, however, was not
designed to exceed the original rated speed of the engine;
2630 rpm 18 therefors shown in figure 3 and is taken
throughout the present report ‘as the  limiting blowar speed.

The calculated cold stutic thrust as a function of
the blower pressure coefficient is designated LEngine only
in figure L. The static thrusts shown correspond to maxi-
mum engine or blower conditions as indicated by the inter-
sections of the curves in figure 3, The thrust at first
rises markedly with increasing blower pressure. The in-
creasing thrust is due to increasing engine power and to
increasing blower and duct efflciencies. With still
higher blower pressures, howsver, the increasing efficiency
can no longer compensate for the los3 of power and quantity
flow with the result that the thrust tends to show a flat
maximum and starts to decrease,

An extenslive series of measurements of cold static
thrust at various values of the blower pressure coeffi-
cient was made in order to establish a correlation between
experimental and calculated results to be used in the pre-
diction of flight performance, These tests indicated
that a enlo:ini. m such as that shown in appendix B gave

. values which checked with experiment within 5 percent over
. the blower-pressure range, One of these comparisons is
indicated by the test points shown at zero fuel rate in
figure 5.

Hot.- Thrust curves corresponding to the maximum
engine and blower conditions shown in figure 3 with
various fractions of the intake air burned and at various
rates of fuel burning are given in figure L. For large
fractions of the air burned, the maximum thrust is seen to
shift to higher blower pressures; thus the best results
are obtained for high pressures and small quantity flows
rorlwhich the blower is operating relatively near its
stall. ’

In order to test the validity of calculations of the
thrust due to burning (Meredith effect), comparisons were
made between calculated and measured thrust values over a
range of fuel rates, The comparisons are shown in

figure 5 as the variation in ﬁt—“t-%ﬁl‘-’-"l" with the fuel
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rate at constant values of the blower pressure coefficient
end engine speed., The value of gtablchthiust

because the thrust was found to vary lingarly with p at
the same pressure coefficlient, fuel rate, and engine speed.
The. good agreement between experimental and calculated
values is eovident from figure 5. The experimantal values
shown in .figure 5 represent values from only one serles of
experiments, Other test data obtalned from a rrevious
serins of tests with the blower engine-cooling blades set
at a slightly different angle gave values of thrust as
high as 2110 pounds. This value of thrust 3f,2110 pounds
was attained at a blower coefficlent Ap,/pNe of 0.02l,

engine spsed of 2150 rpm, and a fuel rate of 2,3 pounds
per second., -Other burning tests were made in which fuel
ratesd up to 5 pounds per second were attalned.

was used

PERFORMANCE OF JET-PROPULSION SYSTEM
Flight Conditions

Cold.~ In order to Investigate the cold cruising-
f11ghT condition - flight with engine alone - calculations
were made, Which gave the results shown in figure 6. The
thrust horsepower was held constant at 218, which is con-
sidered to be approximately that required for level flight
at 200 miles por hour end at an altitude of 10,000 feet
for the jet-propulsion airplane (to be described lator).
The propulsive efficiency - the ratio of thrust horsepower
to engine horsspower - was then plotted agalnst the rela-
tive jet velocity AV that corresponds to varying blower
conditions, The relatlive Jlot velocity 4¥ 13 the dif-
ference between the jet velocity and the flight wvelocity.
The ideal efficlency of a propulsion Jet 1s also shown in
figure 6. These results clearly indicate the optimum
operating condltions and show that the improvement in
blower-dust efficiency with increasing preasure more than
compensates for the lowerr jet-propulsive efficlency.

The thrust attainable plotted against blower coeffi-
cient for crulsing flight on engine only at a speed of
200 miles per hour and at 10,000 feet is shown in figure 7.
It will be noted that the thrust rises markedly with in=-
creasing blower pressures.,
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Hot.= Results of calculated thrusts as a function
of blower pressure coefficient for varlous fractlions of
the intake air burned e&nd for varlous fuel rates at an
altitude of 10,000 feet for high-speed flight conditlons
of 200, 400, and 600 miles per hour are presented in
flgures 7, 0, and 9, resnectlively. It 1s evident that,

. for the higher speeds, the hest results are no longer
obtained at the highss*t blower ovressures - narticularly
for the hizher fractions and higher fuel rates, whlech
show a naximum within the lower pressure range of the
blower,

Variation in Nozzle-Fxit Area

Calculations of the nozzle-exlt areas by the method
given.in appendix B were found to check reasonably well
with the actusl nozzle areas for the tests for which duta
are shown In figure 5. The calculations generally tended
to glve slizhtly larger than the actual areas for the
higher frsctlons of air burned and for the higher fuel
rates, The somewhat larger areas indlcated by calcula-
tions can prcbably be explalined by the fact that complete
mixing 1s assumed for the calculated areas, If mixing
were complete, the mean temperatures would extend to the
nozzle edges. Complete mixing, however, did not occur
because 4 blenket of ralatively cocl sir was malntalned
along tre noczzle edges in order to kesp th2 nozzle and
surrounding structure uat normal teniperatures.

Results of calculations of nozzle-exit areas for
some typlcal operatling conditions as a functlon of the
fraction of intake alr burned are shown in flgure 10.
All the valuos shown are for an intermedlate blower
pressure coefficient Apb/bN2 of 0,020 and for the
highest engine power that can be obtalned by loading the
blower to Ehe 1imiting engine manifold pressure or

imiting engine speed. The maximum nozzle-exit aurea
required 1s indicated at the hizhest fraction of the alr
burned for the statlic operating condition, The area
shown couli be reduced, howsver, by ovmerating at a higher
blower pressure, It aprears that the minimum nozzle-
exit area required 1s for maximun spe2?d on engine alone
at sea level.

The foregoing results indicate that a nozzls exit of
variable area would be desirable for a practical applice-
tion of the Jet-propulsion system investigated. The

R 4 02 e . ol o e
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absolute necessity for a continuously adjustable nozzle
is not indicated, rowever, because an eramination of the
area variation will show that as few as three area
settings will enable the system to oparcte over a wide
range of flight conditlons cluse to optimun.

THE EXPERIMENTAL AIRFLANE AXD PERFOBMaNCE PRVDICTIONS

The exnerimental alrplane represanted by the
ground-test mock-up was originally designed, without the
benefit cf ground-test data, to represent a reasonably
¢lose approuch to the optimum, The alirplane was designed
to use the same propulsion unit as that used in the
ground-test mock=-up. A cross section throush the
fuselage of the alrplane studied 1s glven in filgure 11;
the cockrit, the iunding gear, and details of the power
plant are shown, Ths wing was selected from considera-
tions of gasollne velume available in the wing and
structural practicaubility. Barly in tlie study it became
anparent that wing welght and therefore wing structural
oefficiency were of prime Importance; hence, a rather
thorough wing analysis was made to select the optimum,
The analysis included studies of a series of wings of
various areas, aspecct ratios, and thicimess ratios.

The drag estimate for the airplane was made from
the following considerutions: The high critical speeds
desired require smooth e#nd carefu) construction.

Owing to the gensral cleanness of the desizn and the
absence of disturbing silpstream offecta, it 1s assumed
that wind-tunnel data on smooth models may be directly
anplisd to the prototvpe. Finally, the uss of low-drag
wings and full-snun flaps allows the airplane to main-
tain low drags up to lift coefficients corrssponding to
the maximum lift-drag ratio L/L. The profile-drag
coafficrent for the experimental airplune was theefore
estirated to be 0.0153. It should nevertheless be
realizad that unusually careful construction methods
would he necassary to obtain zvsh drags on the airplane,
comparable with those from tests of smooth models. A
wolght breakdown of the alrplans ancd some dimenslons
and performance parameters are as follows:
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Weight, pounds .
Wing, including tanks . « « s ¢ ¢ ¢ o &
Tall group « e . o 0 .
Fuselage, anludlng ducts and 1ntegra1

gas tank . ¢ ¢ o o 4 o o s 4 0 8 .
Power plﬂnt ) * o o s o .
Engine, iucluﬁing starter ganarator,
controla, englne mount, exhaust
boilers, and primary burncr « o s
Main burner, including boilzr . + . .
BloWer .« o« o ¢ o o o ¢ o s o s o o o
Landing goar . . . . . . .« .
Instruments, pi]ot'a seat, controla,
and furnishings . . . .
Pilot, parachute, radlo, bqtterv, and
fire extingut-}her e o o o & o o .
011 tank L] L] L) L] L] L] L] L] L] L] . L] L]
Oasoline and 01l & 4 o o o o o & .

Gross welght, pounds . . .

Wing area, souarc oot

21
Wing span, feet . o+ . . L.
Wing thickness ratic 0.15
Taper ratlo « « « o « 3:2

Estimated alrplane irag conefficiont 5 5 0.0153%
HaximumL/D-.............. . 0.1915

It may be noterl in figure 11 that a vee-tall 13 speci-
fied. This typc of tall was anlectod to minimlze the
tall drag and to avold compreasibiliiy dilsturbances from
the canopy and wing wakes after the shock. Tests in the
NACA two-dlmensional low-turbulence pressure tunnel compar=-
ing the drags of a wee-tall and a conventional tall
indicated apprecladly lower drapgs for the vee-tall.
Stability tests of a complete 0,193-sacale powered model of
the experimental airnlans in the LMAL 7- by 10-foot tunnel
indicated, within the powev range of the nodel, satlisface
tory stability charucteristics for the combinatlon with
the vee-tall, The two tulls tested wers designed to give
the same stability characteristics for purposes of com=
parison and neither tall necessarily represents the opti=
mum for the alrplane,

The :nost important results are presented in figure 12
as curves of pover nvallable and estimatod power required
for flight at an altitude of 10,000 feet. The power-
available curves represent values for a bDlower pressure
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coefficient Apy/pN2 of 0.020 obtalned from the curves
of figures 7 to 9, which therefore give the highest
engine power that can be absorbed by the blower as
limited by the engine manifold pressure or englne speed.
The engine 1s assumed to be supercharged to deliver full
power at 10,000 feet.

It 1s evident that large excess powers may be ob=-
tained even for the highest speeds at which the power-
required curve may be considered fairly well eatabllished.
This curve terminatés’ at 550 miles per hour owing to
‘uncertainties in thé quantitative drag values above the
speed of the comprossibility barble. The maximum speeds
therefore cannot ba estimated, '

The results shown in figure 12 certainly indicate
that this typs of et-prupulsion alrplane has unusual
capabilitiqs in ths high-speed range cbove that of con-
ventional alrplancaJ. it is evident that tne thrust .
horsepower devels>?d by the jet-propulsion system tends ]
to increape rapidly with speed, rathsr than to decrease
with speec as for the ccnventional engine~propeller-driven
airplane., A comnrrison of ths fuel rate of the jet- g |
-propulsion system with a hypothetical conventional air- |
plane proves interesting. If 1t 1s sssumed (fig, 12)
that some Increass In power 1s required above that shown
at the'chkitical speed bf 550 miles per hour, the power re-
quired- for the jet-propulsion airplane to maintalin flight
at thlg speed falls about on the curve or one-sixth of
the alr burned and hus a value ‘of 2980 thrust horsepower.
Cross plots of the fuel rates shown in figures 7 to 9
indicate a fuel  rate of 1,21 pounds per second for this
cohdition. From these values, the thrust-horsepower
specifi¢ fuel consumption for level flight at 550 miles
per hour at 10,000 feet is then 1,46 pounds per thrust
horsepower-houwr. ' If the hypothetical conventional air-
plane had a brake-horsepower speciflc fuel consumption, of
1,0 pound per brake horsspower~hour and a propulsive effi-
! eilency of 0.685, the fuel rates would be the same. . The
conventional alrplane, however, 1s hypothetical &nd any
. quantitative estimates of fuel consumption ‘and efficlencies
remain uncertain,

- aw” e
- —_—cy

—— b

T

It therefore appears that the extreme power-output ) .
capablilities of the jJet-prcpulsion system are limited i
mainly by the speeds at which it 1s practlcable to fly the H
airplane, Ir, ‘for the experimental jet-propulsion air- O

plane, 1t were considered expedient to hold the speed 0 i
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below 550 miles per hour at 10,000 feet, the maximum power

* would be 1limited by the fraction of air that could be
burned and by the quantity of fuel that could be supplied
to the combustion chamber. At this speed, the curve in
figure 12 - representing one~half tlie alr burned corresponds
to a burning rate of 3.6l pounds per second and, at the
same speed for one-third the alr burned, the fuel rate 1s
2.2 pounds per second. From the turning experiments
described herein, it was found that the system could burn
one~half the intake air up to a fuel rate of 3 pounds per
sescond. This value of 3 pounds ner second, however, does
not necessarily represent the maximum fuel rate attainable,
It may be stated, therefore, that the system 1s capable of
develoving tlie horsepower corresponding to a fuel rate of
3 pounds per sscond (5050 thp at 550 mnh) -~ certainly an
outstanding accomplishment for a power plant of the size
and weaight indicated by tho ground-test mock-up.

In order to estimate the possibilities of utilizing
the large excess powers indiczted, an Investigation of the
rates of climb of the experinental alrplune was made,
Results of this study for altitules up tc 50,000 feet
are shown in table T and iIn [{igure 13. All values of
power avallable were calculated for the 1limiting blower or
engine conditions at a blower pressurs coefficlent
App/pN2 of 0.020 and an airplane weight of 3232 pounds,
which represents the welght of tho experimental airolane
with one~half its maximum fuel 1load. The changes in
slope of the curves in figure 13 are due to the change in
limiting blower load with increasing altitude. Up to
altitudes just higher than 10,000 feet for the two higher
fractions of air burned, the airplane 1s climbing at its
eritical speed, with the attendant high intake-alr den-
sitles. These high densities load the blower to the
limiting engine manifold pressure and the engine speed.
Iincreasez up to this altitude. At higher altitudes,
however, the hlower is held to the limiting speed that
causes the mass flow through the system to decrease with
altitude, The excess power avallable consequently de-
creases with increasing altitude above the point where the
blower limitation changes., On the curve for one-sixth
of the alr burned and for climb on enzine only, this
change occurs somewhat below 10,000 feet owing to the
lower intake-air densities at the lower speeds of climb.

L e Rt T e

The flight-path climbing velocities shown in table I
indicate increases in climbing velocity with increases in
altitude when one-sixth of the alr 1s burned; the climbing
veloclty finully reaches the alrplane coritical speed at
about 40,000 feet, The same is generally true for climb
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- when one-third of the air is burned, except that the
airplane critical speed is reached at about 10,000 feet.
The maximum rates of climb indicated for burning one-half
the air are at the airplane critical speed for all the
altitudes, The fact that the maximum rates of climb
ocour at the highest airplane speed for the higher frac-
tions of air burned may be seen in figure 12 by noting
the divergence of the power-avallable and power-required
curves for one-third and one-half of the air burned.
The high rates of climb indicated agaln suggest
interesting possibilities for an alrplane utilizing the
system investigated.,

The range of the experimental airplane at an altitude
of 10,000 feet and using all its fuel for crulsing on
engine only is estimated to be 2770 miles, If only
ons=half the total fuel is used for cruising, the range 1is
estimated to be 1300 miles. The gasoline left could then
be used for high Berformance at a fuel rate of 3 pounds
per second for 8.6 minutes or 25.3 minutes at a fuel rate
of 1 pound per second.

CONCLUSIONS

Experiments conducted with the NACA jet-propulsion
ground-test setup indicated the following conclusions:

) 1., The main fire could be restricted to an intense,
small, and short annular blue flame burning steadily and
under control in the intended combustion spacse. It was
possible with these conditlons to maintain a blanket of
cool air between the hot gases and the combustion chamber
and nozzle walls, Furthermore, adequate cooling air
might readily be provided in order to carry away any
radiant heat and to maintain the walls and structure at
normal temperatures,

2.. The system investigated was capable of burning
almost one-half of the alr taken in at the nose up to
fuel rates of 3 pounds per second,

3. Calculations may be expected to give reasonably
" accurate results for flight-performance predictions.

L. The basic features of the jet-propulsion system
investigated in the ground-test mocke-up were sufficiently
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ped to be considered &pplicable to

. Calculations indicated th
Utilizing this System would have un
in tho.high-apeed range above the speeds of conventional
airoraft ang would, in addition, have moderately long
oruising ranges ir only the engine wore used.

Lang;ey Memorial Aeronagutica)l Laboratory,

Nhtional'Advisory Committee for Aeronauties,'
Langley Fleld, va,
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APPENDIX A

COMPRESSION=-RATIO ANALYSIS

. An expression 1s derived for thermopropulsive effi-
cliency in terms of compression ratio and other basic
parameters for the system shown in the following dila-
grammatic sketghe

] .1 3 L

. %

The results of the compression-ratio analysis are pre-
sented in figures 14 to 16. In the system analyzed, the
atmospheric air is compressed by dynemic action and a
blower, which is driven by an engine or prime mover of
fixed thermal efficiency. In addition to the waste
heat energy of the englne, heat 1s added to the stream
by & gasoline burner or similar device, The heated and
oompressed air is then expanded through a nozzle to
atmospheric pressure, and the resulting total momentum
change produces a thrust.

The simplifying assumptions made for this analysis ~
are as follows:

(&) No energy lésses through the walls
(b) Complete combustion in the intended regions

{c) Stagnation conditions in the combustion chamber
and no nozzle losses
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{4) A blower-duct efficiency n, that includes
duct and blower losses back to station 2

(e) Constant specific heat throughout the system
(f) Mass of the fuel neglected

The thermopropulsive efficiency p is defined as
the ratio of thrust power to the total fuel energy input:

_ Thrust x Flight velocity
~ Total fuel energy input

- (V4 - Vozvo
T Eg+Ep

Eq total energy input to engine per unit mass of
air

Er total energy input to burner per unit mass of
air - ‘

The quantity Vo, 1in terms of the dynamic compression
ratio %?1 from Bernoullit's equation 1is

(o]
. . -1
_ po \ =
VO = chToi [1 - (.p_i) Y]
[o]

For simplicity, the dynamic compression ratio is denoted
by the symbol Cy; hence

. -xz1
Vo = \[2epTos|l - Cv ¥
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-]
v = 2cpm[1 . ;%)‘jv

. Po =1
Py;  GyCp

where Cy 18 the effective compression ratio at sta-
tion 2, or

It follows that

| | _x=1
Ve =\feepmy 1 - (co T

Tsg = Ty * 8To1,21 + 8T,
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but B

) . Ee
8To1,217= T

o E,
AT21.31 = (1 + f) q

_ __Shaft power

.Unit mass of air

= Nele

o

where 1, is the thermal efficlency of the engine, and
ir

- o 11
By ”.SpAToi,li = cpToi<;;I -1

where ATpg 311 18 the stagnation-temperature rise
across the blower, then

T
cpTM(T—ii - '-1)
= . S ) (4)
Te

. EBe

If adiabatic conditions of flow existed in the blower=
duct system, the terperature ratio T14/Toq1 would

produce & compression ratio higher than that actually
attainable and also exactly eqﬁal to (g%%)Y'I.“ The
ratio of the actual compression ratlo Cgr to this

adlabatic compression ratio 1s defined as the blower-
duct efficilency my; therefore

B e e Y ——
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Yol
Ty _ (.c_h: 5
To1

Substituting in equat:lon (4) gives

cp'l‘ L
g, = - nb

Ng

and, from equation (3),

wf@* J
Tygg = Tog + (1 + £)

Substituting in equation (2) ylelds

Vg = poi[ (ever) Y] l+1+f[( ]

The numerator, or sutput term, of equation (1) nay now be
evaluated as follows:




A\ Hjy
I-*

=
mw....bo - ﬁv -Ammﬂubo.wmmh.ﬁm%& a HTMH % HIWHAMW 5

&8 passaadxs aq Lsu (T) uorgenbe ‘(L) pus (9) suojjenbe Jo esn £g

L
A 0] .
=%

%F(3 + 1) =3 + °y

q
(+1)]1- va

w,am,un:

-

‘(g) uorzenbe wody ‘snyy

BT 3nduy £3aoue oyj suoyjenbe ButoBoaoy oy3 wouag

ﬂv- ml..ehwo-@ T -.w@ .wwpﬂ +~.,“. mm.ﬂu?%ov-@ Tpdog = (% - %)
t 2 - .
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APPENDIX B
SAMPLE CALCULATION

For a sample calculation of avallable power from the
Jet-propulsion system, a velocity of 600 miles per hour
at an altitude of 10,000 feet 1s selected. The fraction
of air burned 1s taken as one-half and the blower pres-
sure coefficient Apy,/pN2, as 0.022.

In order to obtain conditions at the blower equiva~
lent to static-test condltions, the following values are
taken from comnressible-flow considerations with the
subscripts o for atmospheric conditlons and 1 fo
impact conditions: ’

. Y
P1 Po(l + IT.']:' ”OZ)FI
1&55.7[1 + (o.a)(o.filﬂ)z]}"5

2261 1b/s3q ft

<2261 >o'.286
1455.7

548° .7 abs,

o BL To
©Ppo Ty

2261 483
0-00176 1557 548

0.002410 slug/cu ft
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The internal flows may then be considered equiva=-
lent to a static-ground condition having outside air con-
‘ditions given by p3, Ty, and py, and the same value
of the blower pressure coefficlent Apy,/pNZ =-0.022.

This value is taken as the value of the independent vari-
able (fig. 2) to represent a suitable blower-operating
point.

From the blower-duct test curves (fig. 2), the

values of P/pN> are used to plot blower power absorbed
against engine speed for the alr density involved in each
case (fig. 17). The intersection of these curves with
the curve of maximum engine power avallable or with the
limiting engine speed gives the nower output and speed of
the engine for the dlfferent values of the blower pres-

sure coefficient. From figure 17 for Apy/pN2 = 0.022,

the engine output is 1006 horsepower at 2530 rpm, From
figure 2, then,

3 = 0,533

(0.533)(2530)
1348 cu ft/sec

Avallable pressures for the jet are measured at
station 2 in the combustion chamher and are represented

in figure 2 as App/pH2, These values represent the

blower-pressure rise minus losses in pressure in the ducts
between the blower and the large-area section where gaso-
line vapor 1s assumed to be introduced before burning
occurs., An effective section area at this station of
A2 = 13.2 square feet is assumed, This area 1s estimated

from considerations of variations in velocity across the
section.




30 . NACA ACR No. ILD26 .

Station 3 1s defined as a hypothetical station after E
burning has taken place and is assumed to have the same
area as station 2. If the assumption that these areas
are equal is followed, the law of conservation of momentum
between the stations may be written as

PohAy + M = p5A5 + m5V5
where M represents the momentum at station 2 of the gas

and air flowing into the.combustion chamber. From this
relation, it may-be shown that

N M2 _ oy m T3
+ = + - - 42
P2 * 3 +\l(p2 A) bipags
p =
3 2

[ The terms'in this equation will be evaluated in order that
[ the equation may be employed to find the available
| pressure pz in the combustion chamber after burning.

bl 2-;- = 0,01602 ’
(| eX
app = (0.01602)(0,002410)(2530)2 '
= 247 1b/sq ft
P2 = py + App
= 2261 + 247

2503 1b/sq ft

The'temperature rise at station 2 may be obtained by
considering that the engine adds the equlvalent heat of
all the fuel it consumes.  Tho temperature rise then is -

H
cpBPi

ATy =

where H 1s the heat equivalent of the fuel in Btu per
second, If a specific fuel consumption for the engine
of 0.6 pound per brake horsepower-hour and a heating

— P ——
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values of gasoline of 18,700 Btu per pound is assumed,
the temperatures rise of the air 1is

(1006)(0.6)(18700) .
3600
(0.24)(32.2)(0.,002}410) (1348)

: 1259 F

ATy =

= Tq + AT

548 + 125
673° F abs.

In order to burn one-half the alr passing through the
aystem, the fuel burning rate for this cuse is

= ou3s ()(3)

1 1
(o.oozmo)usua)(sa.a)(ﬁ)(-é)

= 3,149 lﬁ/sec

where 1t 13 assumed that the mass of alr required for com-
plete combustion of the gasoline 1s 15 times the mass of
gasoline,

The temperature rise from stations 2 to 3 for a
gasoline burning rate of 3.49 pounds per second 1is

)24

4%

82,3 = ooam

where ¢ i1s the heaut~capacity coefficient for exhaust
gases taken from figure 18 for an initially estimated T5

by interpolating between the two ‘curves for the fraction
of air burned, If Tz 18 estimated to be 2635,
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p= k.L62

6p

="2F (0.069)

= (L.L462)(0.069)
0.3079 Btu/1b/°F

T PIQ *+ mggy

= 3.357 alugs/sec

. 18700) (3.
(0.3079)(32.2)(3.357)

1961° F

= To + AT 3
673 + 1961
2654° F abs,

These steps are reneated until the final T3 1s.close
to the estimated T;.

The momentum M entering at station 2 1is

M = Mgag + Mayp
.+ Mgy 2RT
= Mgag(763) + -—;—K-—g

S N I

2

ngas = 2212

32.2
= 0,084 slug/nes
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-and

==p1Q
(0.002410)(1348)
3.249 slugs/sec
Thg velocity of the gasoline vapor in the jets is

taken ‘as 763 feet per second; the velocity of sound in
the sugerheated vapor, at an estimated mean tempsruture

of 800
= &2120
R 25,72

1731 ft-1b/slug/°F

where 28,72 1s the molecular welght of alr and exhaust
gases, Then

- (3.24,9 ) (1731)(673)
M = (0,108 (763) + 22l Al

83 + 371
LSk 1v

% = 3l 1b/aq Tt

and, finally,

2508 + 3.y +\/(2508 + 342 = (h)(3h.L)(2508) (T%k)
2

P3 =

= 2402 1b/sq ft

The velocity at station 3 may now be found as

- méRTé
V3 Ap;

)(1731)(263L)
(13.2)(2402)

= B3 rt/sec

IR (a5 ¥, .5 S R i ot s v ot ¢ A Mo - ks
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The jet velocity may be calculated from the familiar
compressible-flow relation for the expansion from
R.
’p

o p
v,2 =vs2 +2r R o 1~<—£>J
b 3 Ti?"[ P3
2 - as2 ' (155,72
W = 8% + @10 b2y 26 |1 - (igsT)

= 233,300 + 4,325,200
4,558,500 ]
v, 2135 ft/a'ec
If a nozzle velocity efficlency of 0,95 1s assumed,
V), = 0.95V) !
= (0.95)(2135)
2028 frt/sec
The thrust is now
Thrust = Toas V4‘+ Mgy (Vh - Vo)
= (0.108)(2028) + 3.2},9(2028 -*880)
='3950 1b

and the thrust horsepower 1s

thp = (3950)(880)

6320 np
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The nozzle-exit area is

Ah=m

PoVl

o {1 _(Pe\CP
T3 - 25 1'(?

263 - 23n
23540 p aba,

(:.252)(1121)(2%51;)
(1455.7)(2028)

= 4.63 sq ft
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TABLE I
FUEL RATES, NOZZLE-2XIT AREAS, AND ENGINE SPEEDS
CORRESPONDING TC RATES OF CLIMB IN FIGURE 13
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»= Pertformance characteristics as determinsd
from statio tests of blowsr-duct system.
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Flgure 12.- Power avallable and estimated power required for
experimental jJet-propulsion airplane with various fractiona
o7 intake air burred and withr englne only. Altitude,
10,000 feet; Apr/pX2, 0.020.
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Figure 13.- Rates of climb for experimental Jet-propulsion

airplane at various altitudes. Ap,/pN2, 0.020; weight
of airplane, 8232 pounds.
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1.50; n, = 0.35
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Effactive compression ratio, Cr

Figure 1ll.- Effect of blower-duct efficiency, dynamic compression
ratio, and engine thermal efficiency on varistion of thermo-
propulsive efficiency with effective compression ratio. f = 0.
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Figure 17.- Engine output and blower er absorbed for
T:l;:-propulllon system in flight at 600 miles per hour
at 10,000 feet. p = 0.002410.
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